ABSTRACT This paper investigates an effective resource utilization scheme for the decode-and-forward (DF) cooperative relaying networks (CRNs) with non-orthogonal multiple access (NOMA). Considering a T time slots transmission, the proposed effective resource utilization scheme adopts max-min relay selections to satisfy the quality-of-service (QoS) and provide a higher priority. Unlike the conventional CRNs, to improve the system performance and resource utilization, the unselected relays will continue receiving the signals transmitted by the base station (BS), as well as the selected relays forward the decoded signals to the user equipment (UE). Moreover, the maximum ratio combining (MRC) is utilized at the UE to jointly detect the receptions for each time slot. The achievable average sum-rate (SR) of the proposed system is analyzed for independent Rayleigh fading channels, and the asymptotic expressions are also provided. The qualitative numerical results corroborating our theoretical analysis show that the proposed effective resource utilization scheme significantly improves the transmission rate and SR performance in comparison to the conventional CRN-NOMA schemes.
I. INTRODUCTION
In order to meet the massive connectivity of the cellular internet-of-things (IoT) [1] , non-orthogonal multiple access (NOMA) has been considered as a promising technique to enhance the spectral efficiency for the fifth generation (5G) networks [2] . By utilizing the non-orthogonal resource, i.e., the power domain, multiple users can simultaneously transmit the superposition coded signals with NOMA, which is different from the conventional orthogonal multiple access (OMA) schemes [3] . Unlike the conventional power allocation strategy, the NOMA technique allows the users with the The associate editor coordinating the review of this manuscript and approving it for publication was Miaowen Wen.
poor channel conditions are allocated more transmit power, as well as the strong users with less transmit power. With this concept, by adopting the successive interference cancellation (SIC), the users with the better channel conditions can be effectively decoded. In summary, it has been presented that the throughput performance of NOMA systems can be also significantly improved compared to the conventional OMA ones.
NOMA has recently received considerable research interest for its excellent compatibility and spectral efficiency. Since applying extra antennas can be used to focus energy into smaller regions of space, which brings huge improvements in the throughput and radiated energy efficiency [4] - [6] , massive multiple-input multiple-output ( MIMO) with NOMA transmission scheme is studied in [7] . Specifically, the physical layer security of NOMA is studied in [8] , [9] , where the exact analytical expressions of the secrecy outage probability are derived and the secrecy performance of the NOMA networks are significantly improved compared with the convention OMA schemes. In [10] , a MIMO-NOMA cognitive radio network relying on simultaneous wireless information and power transfer (SWIPT) with a Gaussian channel state information (CSI) is investigated, which demonstrates that the proposed scheme significantly outperforms its the conventional OMA counterpart. Moreover, the resource allocation for the MIMO-NOMA system is studied in [11] , where both the perfect and imperfect CSIs are considered to elaborate the system advantages in terms of the sum-rate (SR). In addition, integrating radio frequency (RF) energy harvesting with the traditional wireless information transmission, the SWIPT technology has been paid much attention in the wireless communications. With the advantages of the NOMA and SWIPT, SWIPT-NOMA systems are investigated in [10] , [12] . In particular, the works [13] , [14] studied the performance of NOMA in short-packet communications, which aims to provide the solutions of that how much physical-layer transmission latency NOMA can reduce compared with the OMA schemes. Due to the tradeoff between the throughput and fairness, the authors in [15] studied the proportional fairness scheduling (PFS) for downlink NOMA with the max-SR and max-min rate, respectively. Beyond of this, motivated by the challenges that of the massive connectivity and low latency for the IoT, a new millimeterwave NOMA transmission scheme are designed for cellular machine-to-machine (M2M) communication systems [16] , where the outage performance of the proposed schemes are significantly improved. Particularly, in [17] , the authors considered a random NOMA strategy for the massive IoT systems, where multiple devices are allowed to transmit over the same sub-band. In particular, inspired by the essence of spatial modulation (SM), a novel CRS using SM-aided NOMA is proposed conveying the messages of the users by different information-bearing units of SM [18] , where the bit-error-ratio (BER) is analytically evaluated and the approximate closed-form bit error probability (BEP) expressions are also derived using the pulse amplitude modulation (PAM)/quadrature amplitude modulation (QAM).
Since the relaying transmission is widely considered as a promising technique to improve the system capacity, the cooperative relay networks (CRNs) has been drawing much attention [19] - [22] . Specifically, a limitation precluding the application of the TWR for sophisticated real-world wireless networks is studied in [21] , to improve the quality of signal reception in both cells. Moreover, in [22] , the authors proposed the coexistence of the one-hop direct transmission and the two-hop relaying in the cellular communications, where a novel protocol of two information flows served simultaneously via the shared channel resource is investigated. With the compatibility of the CRN and NOMA, recently, the CRN-NOMA systems have been studied in the literatures [2] , [23] - [29] . In [23] , a cooperative relaying system with NOMA is studied, where an analytical framework is developed to evaluate its performance over Rician fading channels. To examine the impact of the relay location variations on the coding gain of the proposed system, a downlink cooperative NOMA scheme including the direct and indirect links is studied in [24] , where a dedicated relay node with amplifyand-forward (AF) protocol is adopted. The work of NOMA in CRNs with the decode-and-forward (DF) protocol has been considered in [25] , where the asymptotic expressions for achievable rates are derived. Since the performance in terms of the achievable sum-rate (SR) and outage probability is limited by the poor CSI, a novel receiver is designed by adopting the maximum ratio combining (MRC) in [26] . To further improve the outage performance, meanwhile strictly follow the NOMA decoding principle, a two-stage power allocation CRS-NOMA scheme is investigated in [27] , where, unlike the existing works, not only the source but also the relay are allowed to transmit superposition coded signals. Moreover, a device-to-device (D2D) aided CRS-NOMA system is proposed in [28] , in which, it is shown that the imperfect channel at the SIC receiver will be considered to investigate the performance of more practical D2D aided CRS-NOMA. It is worth noting that, the authors proposed a superposed transmission scheme for CRN-NOMA systems with multiple time slots [29] , where the finite transmission results in a performance of the transmit efficiency and ergodic SR, as well as the outage probability improvement. More specifically, in [30] , a two-stage relay selection strategy for cooperative NOMA is studied, where the outage probability of the proposed scheme outperforms the max-min selection one.
In this paper, an effective resource utilization CRN-NOMA system with DF is investigated. Since the DF scheme is employed at the relay node, the outage event will occur when the quality of service (QoS) requirements cannot be satisfied. In this manner, unlike the conventional CRN-NOMA, to improve the system performance and resource utilization, the relay selection is adopted to satisfy the QoS and provide a higher priority. In the meanwhile, the unselected relays will continue receiving the signals from the BS instead of ''sleeping'', i.e., not working. The implementations and contributions of this paper are summarized in the following:
• We comprehensively investigate an effective resource utilization scheme in the cooperative relaying NOMA systems for a multiple time slots transmission, where the direct link between the base station (BS) and user equipment (UE), as well as the communications between the relays are not considered. During the transmission phase, the relays satisfied the QoS requirements continue forwarding the decoded signals to the UE, in the meanwhile, the BS transmits another superposed signal to the remained relays (the unselected ones in the previous phase).
• Without loss of the generality, to characterize the impact of the selection strategies, two kinds of the selections are studied which are termed as max-min relay selection scheme and proposed effective resource utilization scheme. For the max-min relay selection scheme, only the relays that satisfied QoS requirements can further forward the decoded signals to the UE. By this way, K relays will be selected with strongest values of the channel variances.
• The closed-form expression of the ergodic SR for the proposed effective resource utilization system (ERUS) is derived. In addition, the theoretical results are shown to highly agree with the simulation results, especially in the high signal-to-noise ratio (SNR) region.
• By means of the numerical results, both analytically and numerically, our proposed ERUS scheme outperforms the conventional cooperative NOMA scheme significantly in terms of the transmission rate and ergodic SR.
The rest of this paper is organized as follows. Section II describes the system model and proposed effective resource utilization scheme. In Section III, the performance of the ergodic SR is analyzed. Numerical results are presented to show the excellent performance of our proposed method compared to the existing works in Section IV. Section V concludes this paper.
Notations: E [X ] denotes the expectation of a random variable X . CN (·) means a complex Gaussian variable. Ei (·) and Ec are the exponential integral function and Euler constant, respectively. Pr {A|B} symbolizes the conditional probability of the event A on the event B. |c| 2 means the norm square of the scalar c.
II. SYSTEM MODEL AND PROPOSED SCHEME
Consider a cooperative multi-relaying transmission scenario consisting of one BS, N relays and one UE, in which, all nodes operate in a half-duplex mode. It is assumed that all the nodes are equipped with a single antenna, meanwhile that there is no direct link between the BS and UE since the UE is out of the transmission scope of the BS. Moreover, all the receiving nodes acquire the perfect CSI, and there is no communications between the relays. Considering that the channel fading of all channels follows the independent identical Rayleigh distributions, the channel coefficients from the BS to the relay node i, for i ∈ {1, 2, ..., N }, and the relay node i to the UE are denoted as h SR i and h R i U , where the average powers are given as α SR i and α R i U , respectively.
A. MAX-MIN RELAY SELECTION SCHEME
In the conventional works, for a T time slot transmission (T is an even number), each transmission involves two time slots, as shown in Figs. 1(a) and 1(b) . During the first time slot, for a NOMA system, a superposed signal
is transmitted from the BS to each relay, where x (t+1) i denotes the broadcasted symbol at the BS at the (t + 1)-th time slot, and P t means the total transmit power, for K ≤ N . Moreover, without loss of generality, the power allocation factor a i , for i ∈ {1, 2, ..., K }, follows the conditions of a 1 > a 2 > ... > a K with K i=1 a i = 1, which are related to the quality of the channel coefficients. Therefore, the received signal at the relay m can be given as
where n
) stands for the additive white Gaussian noise (AWGN) with zero mean and variance σ 2 R m . Since that the DF scheme is employed at each relay, the outage event occurs when the quality of service (QoS) requirements cannot be satisfied, i.e., the estimated rate is smaller that of the predefined target rate threshold. Therefore, for the second time slot, only the relays that satisfy QoS requirements can further forward the decoded signals to the UE, that will be served in a more opportunistic manner. In this paper, we assume that, after decoded the receptions from the BS, Z relays satisfied the QoS requirement will forward a single signal to the UE, i.e., x i , with the same power allocation coefficient at the (t + 2)-th time slot. Noting that, the superposed transmission at the relay node is beyond the scope of this paper, our future work will focus on analyzing it. In order to provide a higher priority, for simplicity, K relays will be selected from the Z relays with K ≤ Z ≤ N and the criterion as:
which selects K relays with the strongest value of min h SR z 2 , h R z U 2 . In addition, the signals forwarded at the relay corresponding to the power allocation factors, i.e., a 1 x 1 will be forwarded via the strongest selected relay h
R z U . By this way, the received signal at the UE is given as
denotes the AWGN with zero mean and variance σ 2 U , h
R z U is the corresponding channel with the forwarded signal x i . From (2) and (4), for a T time slots transmission, the overall received signals can be illustrated as
in which, T /2 signals are received at the UE.
B. PROPOSED EFFECTIVE RESOURCE UTILIZATION SCHEME
With the above observations, it is easy to see that the resource utilization is limited by the unselected N − K relays. In order to improve the system performance and resource utilization, as well as reduce the energy consumption at the relays, a new transmission scheme is introduced in this paper, as shown in Figs. 1(c) and 1(d). After receptions, the relays satisfied the QoS requirement continue forwarding the decoded signals to the UE, in the meanwhile, the BS transmits another superposed signal to the remain relays (the unselected ones in the previous phase). In this manner, during any (t + 2)-th phase, for 0 ≤ t ≤ T − 2, denoting Q = N − K , the received signals at the unselected q-th relay, for q ∈ Q, can be written as
where h SR q denotes the channel coefficient from the BS to the unselected q-th relay, and n
) is the AWGN with zero mean and variance σ 2
R q
. By this way, the criterion for this type of the relay selection can be obtained as:
which selects K relays in the Q sleeping relays. In the following, h SR q k is defended to present the k-th relay in the selected relays h SR q , for k = {1, 2, ..., K }, with the condition (7), even that the optimal channels are not within the scope of the selection due to the half duplex transmission, however, this kind of sub-optimal relay selection will result in an effective relaying utilization to remedy the performance loss. (Since that, for the max-min relay selection scheme, the UE received a single signal for each two time slots. It is worth noting that, the UE will receive different signals for each time slot for the effective resource utilization scheme.) In this manner, the effective SNR for x (t+2) i at the relay q can be expressed as
and
where the noise variance is normalized as σ 2 and ρ = P t σ 2 . Specifically, for the first time slot, the corresponding SNR for x (1) i at the relay z is
in the meanwhile
for i = K . Correspondingly, the observation at the UE during the (t + 3)-th time slot can be given as
where n (t+3) UE ∼ CN (0, σ 2 UE ) denotes the AWGN with zero mean and variance σ 2 UE . Therefore, the overall received signals of the effective resource utilization scheme, for a T time slots transmission, can be finally written as
where, it is clear that T − 1 signals will be received at the UE. For simplicity, we assume that the UE will decode the receptions at the end of each time slot by employing the MRC at the UE to remove the interference of the receptions. For the first two time slots, the proposed effective resource utilization scheme are similar to the max-min relay selection one. Therefore, the corresponding received SNR for x i at the second time slot are given as
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for i = K , as well as that the effective SNR for x i at the (t + 3)-th time slot are
for i = K . Finally, the achievable SR for the proposed effective resource utilization scheme can be obtained as C pro shown at top of next page, where
and 1 T means the total transmission time slots.
III. ERGODIC SR ANALYSIS
In this section, we focus on the performance analysis of the proposed effective resource utilization scheme in terms of ergodic SR over the Rayleigh fading channels.
Denoting h
with the complementary cumulative distribution function (CCDF) of M as (20) , as shown at the top of the next page. Since the Rayleigh fading is considered, noting that the CCDF of β δ = e 
Due to that the derivatives of (21) with respect to 1 1+x is quite involved, we turn to find an approximation way to solve the problem. It is worth noting that, for a high transmit SNR case, the omitted ''1'' in the denominator will results in a negligible performance loss, since that 1 ρ and
. In this manner, we have
With the above equation and using the
for the high SNR case, the achievable ergodic rate for x i for a K time slots transmission can be obtained as shown in (24), as shown at the bottom of the next page, where
and the third term in (24) is simplified by adopting
[31, Eq. (3.353.2)]. Correspondingly, for N , we have (27) , as shown at the bottom of the next page. It is clear that, by taking derivative of (27) , the PDF of N can be obtained as
From (27) and (28), the achievable ergodic rate for x 2 can be calculated as
where
, and the integral result
[31, Eq. (3.352.4)] is used. On the other hand, following the similar way, the closed form of W 2 can be simply derived with the selected channels (3), which is omitted in this paper. Finally, combing (24)
VOLUME 7, 2019 FIGURE 2. Illustration of the transmission rate for our proposed ERUS compared with the conventional CRN-NOMA scheme versus the transmission time slots.
and (28), the closed-form expression of the achievable SR can be expressed as
where C W 2 denotes the closed-form expression of W 2 .
IV. NUMERICAL RESULTS
In this section, the performance of our proposed ERUS-NOMA scheme in terms of the ergodic SR is evaluated by using computer simulations and comparing to the benchmarks. All the numerical results are averaged over 120, 000 channel realizations and with the following parameter setting:
In the following results, ''Simulation'' and ''Analysis'' are used to denote the simulation and analytical results, as well as that, ''Prpposed ERUS-NOMA'' and ''Conventional CRS-NOMA'' denote the proposed effective resource utilization scheme with NOMA and conventional cooperative relaying system with NOMA, respectively. Fig. 2 illustrates the transmission rate versus the transmission time slots, where the comparison is made considering the proposed ERUS-NOMA and conventional CRN-NOMA schemes. It is clear that the proposed ERUS-NOMA scheme has the advantages for each number of the transmission time slots, excepted the case for T = 2. Since that, for the conventional CRS-NOMA scheme, each transmission is completed within two time slots, which results in a transmission rate as 1 2 . As discussed in section II, the proposed EURS-NOMA scheme will achieve
T for a T time slots transmission, which overwhelms the benchmark scheme significantly. More specifically, with an increasing transmission time slots, the proposed ERUS-NOMA results in a higher transmission rate, i.e., when T goes to infinity,
Figs. 3 and 4 depict the ergodic SR performance of the proposed ERUS-NOMA and conventional CRN-NOMA schemes versus the transmit SNR with fixed N = 4, T = 4, and a 1 = {0.9, 0.55} in Fig. 3 , in the meanwhile, N = 6, T = 6, a 1 = {0.95, 0.6} in Fig. 4 , respectively. As can be observed from Figs. 3 and 4, with a increasing transmit SNR, the ergodic SR increases for all the schemes. In particular, the proposed ERUS-NOMA overwhelms the conventional CRN-NOMA one. In the meanwhile, it is worth pointing out that the analytical results match the simulation results well for the proposed ERUS-NOMA, especially at the high SNR region, which validates our theoretical analysis in Section III. It is also shown that, for our proposed scheme, the results with a higher power allocation factor a 1 = {0.9, 0.95} is worse than that of the one with a 1 = {0.55, 0.6}. Fig. 5 depicts the ergodic SR performance with respect to the power allocation factor a 1 for T = 6 time slots transmission scenario for different transmit SNRs as ρ = {20, 25, 30} dB. As shown from the figure, there exists a maximum value of the ergodic SR when the power allocation factor a 1 is close to 0.5. In addition, with the increase of the SNR, the ergodic SR will be greater with the corresponding a 1 .
V. CONCLUSIONS
In this paper, an ERUS has been introduced for the CRN-NOMA. Considering a multiple time slots transmission, the proposed scheme adopted the max-min relay selection to satisfy the QoS and provide a higher priority, in the meanwhile, the unselected relays continued listening the receptions from the BS. With the MRC at the UE, the ergodic SR of the proposed system was analyzed. Numerical results have been presented to corroborate the theoretical analysis, and the results have shown us that the ergodic SR and transmission rate for the proposed ERUS gains a significant improvement compared to the conventional CRN-NOMA schemes. GUOAN ZHANG received the B.S. degree in precision instruments, the M.S. degree in automatic instruments and equipment, and the Ph.D. degree in communication and information systems from Southeast University, Nanjing, China, in 1986, 1989, and 2001, respectively. He is currently a Full Professor with the School of Information Science and Technology, Nantong University, Nantong, China. His current research interests include cognitive wireless networks and vehicular ad hoc networks.
